We analyze how the spectrum of perturbations produced in a multi-component modular inflation model proposed by Kadota and Stewart depends on couplings between the two moduli. Although some simple direct couplings give essentially the same results as the original model, dn/d ln k ∝ n − 1, simple indirect couplings produce a power law spectrum, n − 1 = constant, which can naturally be close to scale invariant.
Introduction
Recently, Kadota and Stewart proposed a successful scenario [1, 2] of modular inflation [3] . However, the results for the spectrum of perturbations were based on a simplification of the model, and one may get quite different results when the model is considered more generally. Motivated by this possibility, we investigate how the spectrum depends on various additional couplings that might be expected in such a model.
In Section 2, we describe the model and some plausible additional couplings not included in the original model proposed in Ref. [1] . In Section 3, we describe the homogeneous background evolution of the fields, and in Section 4, we calculate the power spectra.
Model
As described in Ref. [1] , the model is based on a two moduli potential of the form
Pl
(2) * wipark@muon.kaist.ac.kr where M Pl = 1/ √ 8πG. We will set M Pl = 1 throughout most of the paper. We assume that both Φ and Ψ are initially near extrema of their potentials
and set Φ = Ψ = 0 at those extrema, so initially |Φ| ≪ 1 and |Ψ| ≪ 1. We assume that Φ has some symmetry about Φ = 0 greater than Z 2 , so that the leading dependence of the potential on Φ will be |Φ| 2 . We have in mind that the phase of Φ will dominate the final curvature perturbation [5, 1] . Decomposing Φ into its radial and angular parts, Φ = φe iθ / √ 2, the purely Φ-dependent part of the potential is
We assume m 2 φ and α φ are positive. m 2 φ ∼ V 0 and α φ is expected to be small but not very small, since this term is the φ-dependent renormalisation of Φ's mass generated by Φ's gauge and yukawa couplings. We assume that the renormalisation is strong enough to change the sign of ∂ 2 V /∂φ 2 before the renormalisation is cut off at φ 2 ∼ V 0 , generating a non-trivial minimum at φ = φ * ∼ e −1/α φ M Pl . In the neighborhood of this minimum
Note that this equation is precise while Eq. (4) is heuristic. We assume that the extremum at Ψ = 0 is a maximum. Writing |Ψ| = ψ/ √ 2, the purely Ψ-dependent part of the potential is
where m 2 ψ ∼ V 0 and m 2 ψ may depend on the phase of Ψ. The phase of Ψ will probably be constant while cosmologically relevant scales leave the horizon, so we suppress any dependence on the phase of Ψ here and in the following.
The full potential is
where V int (Φ, Ψ) contains interactions between Φ and Ψ. We consider various possibilities for these interactions.
Direct couplings
Linear coupling If Ψ has no symmetry and ψ is small, one would expect the leading coupling of Ψ to Φ to be linear
Quadratic coupling If Ψ has symmetry and ψ is small, one would expect the leading coupling of Ψ to Φ to be quadratic
Indirect couplings
Ψ and Φ may couple indirectly through a third field, leading to a ψ-dependent renormalization of Φ's mass
α ψ is expected to be small but not very small since it is derived from Φ's gauge and yukawa couplings. ψ * is the value of ψ at some convenient time around horizon crossing of cosmologically relevant scales. Note that in order to make the full potential, Eq. (7), independent of ψ * , we require
and φ * is interpreted as the minimum of φ's potential at the time when ψ = ψ * .
Background evolution
Initially, the potential energy V 0 drives inflation, Φ is held at φ = φ * and Ψ starts rolling away from Ψ = 0.
Ψ
where
where a is the scale factor and
Since m 2 ψ ∼ V 0 , we expect p to be of order one. Using this, we can more accurately determine the Hubble parameter
The contributions of Φ to the Hubble parameter will not be important.
Φ

Direct couplings
Since ψ ≪ 1, the couplings are a small perturbation to Φ's potential. Therefore, to leading order in ψ
Linear coupling Solving Eq. (16) with V int given by Eq. (8), we get
to leading order in ψ, where
Quadratic coupling Solving Eq. (16) with V int given by Eq. (9), we get
to leading order in ψ 2 , where µ 2 is defined in Eq. (18).
Indirect coupling
In this case, the equation of motion for φ is
which has solution
4 Perturbations
General formalism
The final curvature perturbation gets contributions from all the light scalar fields during inflation [5, 6] . It will tend to be dominated by contributions from Φ if φ ≪ ψ when cosmologically relevant scales leave the horizon, though this depends on the full dynamics of Φ and Ψ [5, 1, 2] . We assume that the dynamics are such that contributions from Φ dominate. φ has a positive mass squared of order α φ H 2 , which will tend to suppress its fluctuations, but they could still be significant. For simplicity, we do not consider them here. θ is flat for small φ and its perturbations will be magnified as φ increases [1, 2] . We assume contributions from θ dominate. Assuming contributions from θ dominate, the final curvature perturbation is given by [6, 5] 
δθ ∼ H/φ and so the amplitude of the spectrum is
which has considerable freedom. ∂N/∂θ is independent of time for small φ, and so we just need δθ to determine the scale dependence of the spectrum. Its evolution is given by [ 
Defining ϕ ≡ aφ δθ and x ≡ −kη where η is conformal time, we get
where g is given by 
and
Therefore, using the results of Ref. [7] , the power spectrum is
and the spectral index is
for p < 2. These results are basically the same as those of Ref. [1] , though the origin is different.
Quadratic coupling Here we have terms of order ψ 2 , and so must use Eq. (15).
This gives a similar power spectrum
and spectral index 
Indirect coupling
Here we take H = H 0 . Then
Therefore, using the results of Ref. [8] , the power spectrum is 
An approximately scale invariant spectrum requires
which can be obtained naturally. Note that the form of the spectrum is completely different from the previous two cases and the results of Ref. [1] .
